Oxymatrine (OM), a natural quinolizidine alkaloid extracted from the traditional Chinese herb Sophora flavescens, has been revealed to produce antitumor activities in various cancer cell lines, including glioblastoma lines, in vitro. However, the mechanisms by which OM exerts its antitumor effect against glioma are poorly understood. The aim of this study was to investigate the role of OM in the proliferation, apoptosis and invasion of glioma cells and to reveal the underlying mechanisms. The effects of OM on U251MG cells in vitro were determined using a Cell Counting Kit-8 (CCK-8) assay, flow cytometric analysis, Annexin V-FITC/PI staining, DAPI staining, a terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay, a Transwell assay and western blotting. Our data indicated that OM inhibited proliferation, arrested the cell cycle at the G0/G1 phase, decreased the expression levels of G1 cell cycle regulatory proteins (cyclin D1, CDK4 and CDK6), inhibited invasion and induced apoptosis in glioma cells. Additional investigations revealed that the expression levels of p-STAT3 and key proteins in the EGFR/PI3K/Akt/mTOR signaling pathway, such as p-EGFR, p-Akt and p-mTOR, were markedly decreased after OM treatment, while the total STAT3, EGFR, Akt and mTOR levels were not affected. These findings indicated that the EGFR/PI3K/Akt/mTOR signaling pathway and STAT3 suppression may be a potential mechanism of the OM-mediated antitumor effect in glioblastoma cells and that EGFR may be a target of OM. Hence, OM may be a promising drug and may offer a novel therapeutic strategy for malignant gliomas in the future.
Introduction
Due to its high metastasis and invasion, glioblastoma is the most common malignant tumor of the central nervous system (CNS) in adults with poor prognoses (1) , and a median survival of ~10-14 months after the initial diagnosis (2) . Accordingly, the recurrence of gliomas remains unavoidable. Currently, early diagnosis and a multimodal approach are the basic requirements for glioma treatments, which include surgical resection, chemotherapeutics and radiotherapy and have an extremely poor prognosis. The major challenges for glioma treatment include many barriers, such as the extent of surgical resection and resistance to radiotherapy and chemotherapy (3) . Thus, it is important to explore more efficacious measures against glioma to address the aforementioned issues, and there is an urgent need to develop new compounds against glioma.
Epidermal growth factor receptor (EGFR) is a member of the HER family, which also includes HER2, HER3 and HER4, and EGFR has been identified as an oncogene in many malignant tumors (4, 5) . EGFR and its downstream signaling pathways are pivotal regulators of many cellular processes, including cell differentiation, metabolism, proliferation and survival, in a large variety of tumors (6) (7) (8) . EGFR is also overexpressed in most gliomas (9) . Therefore, therapies that target EGFR and its downstream signaling pathways may be potential treatments for glioblastoma.
Oxymatrine (OM), a natural quinolizidine alkaloid that is the principal component of the traditional Chinese herb Sophora flavescens, has been reported to produce a great diversity of pharmacological effects, such as anti-inflammatory, antiviral, immunoregulatory and anti-apoptosis effects. Originally, OM was used for the treatment of viral hepatitis (10) (11) (12) (13) (14) . More recent in vitro studies have revealed the significant antitumor activity of OM in the cells of many human cancers, including hepatic (15) , pancreatic (16, 17) , gastric (18) and colorectal carcinoma (19) , as well as mastocarcinoma (20) . However, the antitumor activity of OM in glioma cells has been rarely studied and the mechanism by which OM exerts its antitumor effect against glioma has not been reported.
In the present study, we studied the effect of OM on glioblastoma cells. We found that OM markedly suppressed the proliferation and invasion, as well as promoted the apoptosis of glioma cells. Further studies revealed that OM arrested the cell cycle at the G0/G1 phase and decreased the protein expression levels of cyclin D1 and CDK4/6. In addition, our findings are the first to demonstrate that the EGFR/PI3K/Akt/mTOR signaling pathway and STAT3 are involved in the OM-induced inhibition in glioma cells. In summary, these results indicated that OM may be a promising antineoplastic agent against gliomas.
Materials and methods
Reagents. Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Corning Cellgro (Mediatech, Inc., Manassas, VA, USA), and antibiotics (streptomycin and penicillin) were purchased from Corning Incorporated (Corning, NY, USA). OM was purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China), and the purity (over 98%) was confirmed by high-performance liquid chromatography (HPLC). OM was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 10 mg/ml, stored at -20˚C, and then freshly diluted with culture medium for each experiment. An Annexin V-FITC Apoptosis Detection kit and a Cycletest Plus DNA Reagent kit were purchased from BD Biosciences (Franklin Lakes, NJ, USA).
Cell culture. The U251MG human malignant glioma cell line was obtained from the Institute of Brain Science of Harbin Medical University (Harbin, China). The cells were cultured in DMEM supplemented with 10% FBS and 1% streptomycin/penicillin at 37˚C in an incubator with a humidified atmosphere of 5% CO 2 and 95% air.
Cell viability assay. A Cell Counting Kit-8 (CCK-8; Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) assay was performed to explore the cytotoxic effects of OM and/or erlotinib on human glioblastoma cells. U251MG cells were seeded in a 96-well plate at a density of 1,000 cells/well and then treated with OM at various concentrations (0, 0.25, 0.5, 1, 2 and 4 mg/ml) for 24, 48 and 72 h, or treated with 2 µM erlotinib in the absence or presence of 1 mg/ml OM for 48 h. Following the treatment with OM and/or erlotinib, 10 µl of CCK-8 was added to each well, and the cells were incubated at 37˚C for 1 h. A microplate reader (Tecan Group Ltd., Männedorf, Switzerland) was used to measure the absorbance of each well at 450 nm to assess the proliferation.
Detection of cell apoptosis by f low cytometry. An
Annexin V-fluorescein isothiocyanate (FITC) assay was employed to quantify apoptotic cells by flow cytometry.
U251MG cells were seeded into 6-well plates at a density of 2x10 5 cells/well, cultured overnight, and then cultured with OM at a final concentration of 0.5, 1, or 2 mg/ml or with DMSO for 48 h. Then, the cells were harvested by trypsin, washed with ice-cold PBS twice, collected, fixed and stained using an Annexin V-FITC/PI double fluorescence apoptosis detection kit according to the manufacturer's instructions. The samples were then analyzed by flow cytometry (BD FACSCalibur System; BD Biosciences).
TUNEL assay. DNA fragmentation was performed using a One-Step TUNEL kit (Beyotime Institute of Biotechnology, Shanghai, China) following the manufacturer's recommendations. Briefly, U251MG cells were exposed to OM (0.5, 1 or 2 mg/ml) for 48 h and then fixed in 4% paraformaldehyde for 10 min at room temperature. Subsequently, the cells were washed with PBS three times and permeabilized for 2 min on ice and then the cells were resuspended in TUNEL working solution. Following incubation for 1 h in a humidified atmosphere at 37˚C in the dark, the cells were counterstained with DAPI staining solution for 5 min at room temperature, and then, TUNEL-positive cells were visualized under a fluorescence microscope. DAPI was used for the nuclear staining.
Cell cycle analysis by flow cytometry. The cell cycle phase distribution was evaluated by flow cytometric analysis of the DNA content of cells with the BD Cycletest Plus DNA Reagent kit (BD Biosciences) according to the manufacturer's instructions. In brief, cells were plated in 6-well plates and treated with different concentrations of OM (0.5, 1 and 2 mg/ml) for 48 h, harvested, fixed in 70% pre-chilled ethanol (-20˚C) and maintained at 4˚C overnight. Then, the cells were resuspended in propidium iodide (PI) buffer (50 g/ml PI and 100 µg/ml RNase) and incubated for 30 min shielded from light at room temperature. The cells were then washed twice with PBS. The percentages of cells in each phase of the cell cycle were determined by BD FACSCalibur flow cytometer (BD Biosciences, Fraklin Lakes, NJ, USA) and analyzed by ModFit LT version 4.1 software (Verity Software House, Topsham, ME, USA).
Cell invasion assay. Cell invasion assays were performed using a Corning Matrigel invasion assay system according to the manufacturer's instructions. Following treatment with OM at various concentrations (0.25, 0.5, 1 and 2 mg/ml) for 24 h or 48 h, cells were seeded for 24 h and suspended in serum-free DMEM. Then, the cells were placed in the upper part of each chamber, whereas the lower chambers contained FBS (10%). After incubation in a humidified 5% CO 2 atmosphere at 37˚C for 24 or 48 h, the cells in the upper chamber and on the Matrigel were mechanically removed with a cotton swab, and the cells on the bottom side of the filter were fixed in 4% paraformaldehyde for 30 min at room temperature. Subsequently, the cells were washed with PBS three times and stained with 0.1% crystal violet for 15 min at room temperature. Then, the cells were washed three times with PBS and counted under a inverted phase contrast microscope (magnification, x200).
Western blot analysis. Following treatment with different concentrations of OM (0.5, 1 and 2 mg/ml), or with 2 µM erlotinib in the absence or presence of 1 mg/ml OM for 48 h, cells were collected, washed with ice-cold PBS and then lysed in lysis buffer [5 mmol/l EDTA, 40 mmol/l Tris (pH 8.0), 150 mmol/l NaCl, 1% NP-40, 2 mg/ml leupeptin, 2 mg/ml aprotinin, 5 mg/ml benzamidine and 0.5 mmol/l phenylmethylsulfonyl fluoride]. The protein concentration was determined using a BCA protein assay kit (Beyotime Biotechnology, Shanghai, China). An equal amount of protein (60 µg) from each group was separated using 10% SDS-polyacrylamide gel electrophoresis (PAGE), transferred to a PVDF membrane (EMD Millipore, Billerica, MA, USA), blocked with 5% skim milk in TBS-Tween 20 (0.05%, v/v) for 1 h, and then incubated with primary antibodies at 4˚C for 16 h. After washing with TBS-T, the membranes were subsequently incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. GAPDH or β-actin was used as protein loading controls. After three washes, the target proteins were visualized using an enhanced chemiluminescent (ECL) kit (Thermo Fisher Scientific; Pierce, Rockford, IL, USA). The band intensities were assessed with the Gel-Pro Analyzer Software version 4.0 (Media Cybernetics, Rockville, MD, USA Statistical analysis. All statistical analyses were carried out using the SPSS 22.0 statistical software package (IBM Corp., Armonk, NY, USA). Data were expressed as the mean ± standard deviation (SD). Differences among groups were analyzed by one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls (SNK) multiple comparison test. Differences between two groups were assessed using the Student's t-test. For each measurement, at least three independent experiments were performed. P<0.05 was considered to indicate a statistically significant difference.
Results

OM potently inhibits the proliferation of glioblastoma cells.
The cytotoxic effects of OM on cells were first evaluated by the CCK-8 cell viability assay. U251MG cells were incubated with OM at various concentrations for 24, 48 and 72 h, and the results revealed that cell viability was reduced in a dose-and time-dependent manner in U251MG cells ( Fig. 1 ).
OM induces cell cycle arrest in glioblastoma cells. To reveal the underlying mechanisms of OM in the inhibition of the growth of glioblastoma cells, we performed cell cycle analysis. Cells of the glioblastoma cell line U251MG were exposed to different concentrations of OM for 48 h, and flow cytometric analysis was then performed. Our data revealed that OM led to cell accumulation in the G1 phase with a concomitant decrease in the number of cells in the S phase in a dose-dependent manner ( Fig. 2A) . The results indicated that the mechanism of the OM-induced suppression of glioblastoma cell viability involved arresting the cell cycle at the G0/G1 phase.
Furthermore, since cyclin D1, CDK4 and CDK6 are the key regulators of the G0/G1 phase of the cell cycle, we performed western blot analysis to determine the expression level of the proteins in OM-treated glioblastoma cells. The results revealed that the protein expression levels of cyclin D1, CDK4 and CDK6 were significantly reduced by OM (Fig. 2B) , indicating that OM arrests glioma cells at the G0/G1 phase by downregulating CDK4, CDK6 and cyclin D1. Collectively, our data revealed that OM could potently arrest the proliferation of glioblastoma cells.
OM induces the apoptosis of glioblastoma cells. To evaluate whether OM induced the apoptosis of glioma cells, cells were stained with Annexin V-FITC/PI and then analyzed by flow cytometry. The results revealed that after treatment with various concentrations of OM for 48 h, the percentage of apoptotic cells was significantly increased in a dose-dependent manner compared to that of the control cells (Fig. 3A) .
Furthermore, as fragmented nuclei are typical characteristics of apoptosis, we performed DAPI staining and a TUNEL assay to detect alterations in the nuclei. The results revealed that after treatment with various concentrations of OM for 48 h, the number of TUNEL-positive cells was significantly higher in the OM-treated cells (Fig. 3B ). Furthermore, to reveal the potential mechanism of OM-induced apoptosis in glioma cells, we assessed the protein expression levels of Bax, Bcl-2, and caspase-3, which are important regulators of apoptosis, by western blot analysis. The results revealed that the expression levels of Bax and caspase-3 were significantly increased, whereas the level of Bcl-2 was decreased after incubation with OM for 48 h, thus leading to an increased ratio of Bax to Bcl-2 ( Fig. 3C) . Collectively, the results indicated that OM had pro-apoptotic effects on glioblastoma cells.
OM suppresses the invasion of glioblastoma cells.
Since invasion ability is one of the pathophysiological features of malignant gliomas, an assay using Matrigel-coated Transwell membranes was performed to evaluate the effects of OM on invasion. As displayed in Fig. 4 , the percentage of invading cells on the lower side of the membrane was decreased in a dose-dependent manner after treatment with OM for 24 h (Fig. 4B ) and 48 h (Fig. 4A ) compared with that in the control group. The results indicated that the invasion of glioblastoma cells could be significantly suppressed by OM.
The EGFR/PI3K/Akt/mTOR signaling pathway is suppressed by OM. EGFR amplification is one of the most common genetic alterations in glioblastoma. Gain-of-function of EGFR can lead to upregulation of the PI3K/Akt/mTOR signaling pathway, which is involved in cell survival and proliferation. Therefore, we assessed whether the EGFR/PI3K/Akt/mTOR pathway is altered in glioblastoma cells treated with different concentrations of OM for 48 h. As displayed in Fig. 5 , OM significantly decreased the expression levels of p-EGFR, p-Akt and p-mTOR in a dose-dependent manner, without affecting total EGFR, Akt and mTOR levels.
Downregulation of the EGFR/PI3K/Akt/mTOR signaling pathway mediates the OM-induced inhibition of proliferation.
To further test whether downregulation of the EGFR pathway is responsible for the OM-induced inhibition of glioma cell proliferation, we treated the cells with erlotinib, an inhibitor of EGFR, in the absence or presence of OM for 48 h. The results indicated that in the presence of both erlotinib and OM, the levels of p-EGFR, p-Akt and p-mTOR were significantly lower than those in the presence of erlotinib or OM alone (Fig. 6A) . Additionally, compared with the treatment with either erlotinib or OM alone, the combined treatment with erlotinib and OM exhibited a stronger effect that inhibited the proliferation of glioma cells (Fig. 6B ).
OM modulates STAT3 in glioblastoma cells. Upregulated
STAT3 activity is associated with many human tumors, and STAT3 suppression can mediate tumor regression (21) . Therefore, we assessed the expression levels of p-STAT3 and total STAT3 in glioblastoma cells treated with OM for 48 h. Western blot analysis demonstrated that OM significantly decreased the expression levels of p-STAT3, but did not affect the total STAT3 level (Fig. 7) .
Discussion
Glioblastomas are characterized by aggressive proliferation and high invasion, which play an important role in preventing complete tumor resection, thus leading to tumor recurrence and poor prognosis (22, 23) . In the present study, our results revealed that OM exerted a potent antitumor effect against U251MG glioblastoma cells. OM effectively inhibited proliferation, suppressed invasion and induced apoptosis in glioblastoma cells, suggesting that OM may be a potential agent for use in clinics to treat glioma in the future.
The essential attribute of tumorigenesis is uncontrolled and unlimited proliferation, and inhibiting the proliferation of tumor cells can lead to growth arrest. In the present study, we assessed cell viability of glioblastoma cells after incubation with OM. The results revealed that the proliferation of U251MG cells was inhibited in a dose-dependent and time-dependent manner.
EGFR is overexpressed in most human glioblastomas, and it plays a critical role in tumor formation (24) . As a result, treatments that particularly aim at EGFR and its downstream pathways in glioblastoma cells may have a potential therapeutic effect. It is well known that the PI3K/Akt/mTOR signaling pathway is regulated by EGFR and is intimately associated with cell growth, autophagy and proliferation. In the present study, key proteins of the EGFR/PI3K/Akt/mTOR signaling pathway, such as p-EGFR, p-Akt and p-mTOR, were inhibited by OM in a dose-dependent manner (Fig. 5 ). In addition, OM had a similar effect as erlotinib, an EGFR inhibitor, on the EGFR pathway. In combination with erlotinib, OM had a stronger effect that inhibited the proliferation of glioma cells (Fig. 6 ). These results indicated that OM is a potential antiproliferative agent against glioblastoma, and the potential mechanism of this antiproliferative effect is interfering with the EGFR/PI3K/Akt/mTOR pathway. In addition, it has been documented that the expression of STAT3 is regulated by mTOR signaling (25, 26) . In the present study, we determined that the expression level of p-STAT3 was decreased following treatment with OM ( Fig. 7) , indicating that the effect of OM on glioma cells may be mediated by the EGFR/Akt/mTOR/STAT3 pathway. In addition, dual inhibition of the EGFR/PI3K/Akt/mTOR pathway by erlotinib with OM would also be a reasonable treatment for glioblastoma.
As is well known, dysregulation of cell cycle progression is a basic reason for the abnormal proliferation of tumor cells (27) . For cell cycle progression, cell cycle-regulating proteins, such as CDK4, CDK6 and cyclin D1, and their inhibitors play an important role in the G1 to S phase transition (28) , especially cyclin D1, which regulates this transition. The present study revealed that OM leads to G0/G1 cell-cycle arrest, which is accompanied by a decrease in the proportion of U251MG cells in the S phase ( Fig. 2A) . We also observed that OM decreased the expression level of cyclin D1 and CDK4/6 ( Fig. 2B ), suggesting that cell cycle arrest may be one of the underlying mechanisms by which OM exerts its antiproliferative effect on glioblastoma cells as a result of the downregulation of positive cell cycle regulatory proteins.
In addition, cyclin D1 is a downstream protein of Akt, which plays an important role in the cell cycle through the G1 phase. The dephosphorylation of EGFR and Akt results in the downregulation of cyclin D1, consequently arresting the cell cycle at the G1 phase (29) (30) (31) (32) . Consistently, in the present study, we found that OM decreased the expression levels of p-EGFR, p-Akt and cyclin D1 ( Figs. 5 and 2B) . Similarly, previous studies revealed that OM could induce G1 phase cell-cycle arrest by targeting EGFR in gastric cancer cells (33) . Therefore, we hypothesized that the effect of OM on cell cycle arrest in glioblastoma cells may be activated by suppression of the EGFR/Akt/cyclin D1 signaling pathway.
Apoptosis is a type of programmed cell death controlled by genes to maintain the internal environmental stability, and inducing apoptosis should be extremely beneficial for antitumor therapy. Previous studies demonstrated that many antitumor drugs exert therapeutic effects by inducing apoptosis in tumor cells. In the present study, flow cytometry and a TUNEL assay revealed that apoptosis was induced in glioma cells following treatment with OM ( Fig. 3A and B ), suggesting that OM inhibits the proliferation of glioblastoma cells by inducing apoptosis.
To investigate potential mechanisms for OM-induced apoptosis, we evaluated the regulators of apoptosis by western blot analysis. As we know, the Bcl-2 family members play a key role in apoptosis such as Bax and Bcl-2, and Bax can promote cell death, while Bcl-2 can inhibit it. Therefore, the Bax/Bcl-2 ratio determines the susceptibility of tumor cells to drug-mediated apoptosis (34) . Furthermore, the caspase family that includes at least 11 members to date, also plays an important role in apoptosis implementing, and caspase-3 due to its characteristic of leading to final disruption of the target cell, is recognized as the key member (35, 36) . Notably, our study revealed that the Bax/Bcl-2 ratio and caspase-3 increased in glioblastoma cells after treatment with OM ( Fig. 3C) , which indicate that regulation of the Bcl-2 family protein expression and activation of caspase-3 may lead to OM-induced apoptosis in glioma cells. In addition, the PI3K/Akt/Bcl-2 pathway which can be initiated from EGFR is involved in various cellular processes including cell apoptosis and the activation of PI3K/Akt/Bcl-2 leads to cell survival (32, 37, 38) . In the present study, we found that OM markedly suppressed the expression levels of p-EGFR, p-Akt and Bcl-2 ( Figs. 5 and 3C ). It is reasonable to Figure 7 . OM modulates STAT3 in glioblastoma cells. After U251MG cells were treated with different concentrations of OM (0-2 mg/ml) for 48 h, the expression levels of phosphorylated and total STAT3 were assayed by western blot analysis. Representatives of three independent experiments are shown. Histogram indicating the statistical analysis of three independent experiments. * P<0.05 compared with the control group.
conclude that OM induced the apoptosis of glioblastoma cells probably by inactivating the EGFR/PI3K/Akt/Bcl-2 pathway.
Invasion, as one of the main malignant phenotypes of glioblastoma, is a formidable barrier to the treatment of glioblastoma, leading to a poor prognosis. Although distant metastasis of glioma is rare, the pathophysiological features and the ability to invade adjacent areas makes complete surgical resection impossible and increases the risk of tumor recurrence (39) (40) (41) . Therefore, disrupting the invasion process could be an effective way to treat glioma. Previous studies revealed that OM interrupted tumor invasion in human gastric cancer, colorectal carcinoma and glioma cells (33, 42, 43) . Consistently, the Transwell results of the present study demonstrated that OM significantly inhibited the invasion of glioblastoma cells in a dose-dependent manner (Fig. 4) . However, the exact mechanism by which OM inhibits invasion warrants further exploration.
In conclusion, OM effectively inhibited the proliferation and invasion of malignant glioma cells and promoted their apoptosis by suppressing the expression of STAT3 and altering the expression of the cell cycle and apoptosis regulators. Furthermore, the EGFR/PI3K/Akt/mTOR pathway is involved in the OM-mediated antitumor effect in glioblastoma cells, and OM combined with erlotinib (a chemotherapeutic agent for tumors) had a more powerful effect that decreased the survival of glioma cells. These findings indicated that the EGFR/PI3K/Akt/mTOR signaling pathway and STAT3 suppression may be a potential mechanism by which OM exerted its antitumor effect against glioma and that EGFR may be the target of OM. Although these results need to be confirmed in vivo, OM, a traditional Chinese herbal product, may be a promising drug and offer a novel therapeutic strategy for malignant gliomas.
